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FIELD  TESTS  OF  THE  KINETIC 
FRICTION  COEFFICIENT  OF  SEA  ICE 

Jean-Claude  Tatinclaux  and  David  Murdey 


INTRODUCTION 

Among  the  projects  of  the  scientific  program  of 
the  F.S.  Polarstern  expedition  of  May  1984  along 
the  coast  of  Labrador,  Canada,  was  the  measure¬ 
ment  of  the  kinetic  friction  factor  between  various 
surfaces  and  sea  ice  samples  collected  at  the  site  of 
the  ship  trials.  The  surfaces  included  a  steel  sheet 
coated  with  Inerta  160  to  represent  the  ship  hull, 
and  bare  steel  sheets  of  two  roughnesses.  The  lat¬ 
ter  had  previously  been  tested  at  CRREL  with 
urea-doped  ice,  which  is  used  as  model  ice  in  tests 
of  icebreakers  and  other  structures  (Forland  and 
Tatinclaux  1984).  A  friction  test  table  was  special¬ 
ly  constructed  by  the  Hamburgishe  Schiffbau  Ver- 
suchsanstalt  (HSVA),  the  organization  leading  the 
expedition,  and  was  instrumented  on  board  the 
Polarstern.  The  ice  samples  used  in  the  friction 
tests  were  cut  from  two  large  ice  blocks  gathered 
at  the  trials  site,  primarily  Hebron  Fjord;  samples 
from  the  same  blocks  were  used  in  two  other  pro¬ 
jects,  which  were  studies  of  ice  structures  (Gow 
1984)  and  ice  strength  properties  (Timco  and  Fied- 
erking,  in  prep.). 


TEST  PROCEDURE 
Test  apparatus 

The  kinetic  friction  coefficient  of  ice  nk  was  cal¬ 
culated  from  the  ratio  T/(N+  W),  where  T  is  the 
tangential  force  required  to  hold  stationary  an  ice 


sample  of  weight  W  subjected  to  a  normal  load  N 
on  a  horizontal  surface  moving  at  a  constant  ve¬ 
locity  V  (Fig.  1). 

The  friction  table  built  by  HSVA  for  these  tests 
is  shown  in  Figure  2.  It  consisted  of  a  2.5-  x  1-m 
platform  traveling  over  a  5.5-m-long  frame  made 
of  rectangular  aluminum  channels.  The  platform 
was  pulled  by  a  continuous  chain  driven  by  a  2-hp, 
variable  speed,  reversible  electric  motor,  the  speed 
and  direction  of  which  were  controlled  by  a  single- 
turn  potentiometer.  The  maximum  usable  speed 
of  the  test  table  was  approximately  30  cm/s,  which 
corresponded  to  only  about  40%  of  the  maximum 
motor  speed.  Because  of  the  coarseness  of  the 
speed  adjustment,  it  was  not  possible  to  repeat  a 
given  speed  exactly. 

Four  threaded  screws,  one  at  each  corner  of  the 
support  frame,  served  as  support  legs  and  were 
used  to  level  the  moving  table.  A  carpenter’s  level 
was  used  before  and  during  each  series  of  friction 
tests  to  ensure  that  the  moving  table  was  horizon¬ 
tal  in  both  the  longitudinal  and  transverse  direc¬ 
tions. 


Friction  Table 


Figure  1.  Diagram  of  friction  apparatus. 
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Figure  3.  Typical  friction  force  records. 
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A  450-N-capacity  load  cell  was  mounted  to  one 
end  of  the  frame  and  connected  to  the  sample 
holder  by  a  torsionless  wire.  The  load  cell  was  con¬ 
nected  to  a  Vishay  power  supply  and  balancing 
circuit,  with  its  output  recorded  on  a  two-channel 
chart  recorder.  The  load  cell  was  calibrated  before 
and  after  each  series  of  tests.  Since  the  velocity 
displacement  transducer  brought  for  velocity 
measurement  was  damaged  during  transport,  the 
table  velocity  was  determined  by  measurng  with  a 
stopwatch  the  time  needed  to  cover  a  distance  of 
1.5  m. 

Typical  force  records  from  the  load  cell  are 
shown  in  Figure  3.  The  average  force  measured  by 
the  load  cell  for  each  test  was  later  determined  by 
measuring  the  area  below  the  chart  trace  with  a 
planimeter. 

Since  the  tests  were  made  aboard  ship,  they 
could  be  made  only  when  the  ship  was  at  rest  and 
out  of  the  sun  to  avoid  heating  of  the  test  surface. 
A  few  early  tests  were  carried  out  in  the  daytime, 
but  the  majority  of  them  were  performed  in  the 
evening  or  at  night  after  the  ship  trials  had  been 
completed  and  the  ship  was  parked  for  the  night. 
This  prevented  vibration  from  the  engines  from 
being  transmitted  to  the  load  cell  through  the  ship 
structure. 

Test  surfaces 

The  test  table  was  initially  supplied  with  a  steel 
plate  freshly  coated  with  Inerta  160.  Once  the  tests 
on  this  surface  were  completed,  the  plate  was  hand 
roughened  for  subsequent  tests  b/  36-grit  sand¬ 
paper.  In  addition  a  test  series  was  conducted  on 
two  abutting  1.2-  x  0.30-m  steel  plates,  one  of 
which  had  been  roughened  with  sandpaper  and  the 
other  sandblasted.  These  steel  plates  had  been 


used  in  friction  tests  with  urea  ice  grown  in  the 
CRREL  ice  model  tank  (Forland  and  Tatinclaux 
1984,  1985).  The  roughness  averages  R  of  these 
surfaces  were  measured  with  a  Taylor-Hobson 
Surtronic  3  profllometer,  with  the  following  re¬ 
sults: 


Initial  Inerta-coated  steel: 
Roughened  Inerta-coated  steel: 
Roughened  bare  steel: 
Sandblasted  bare  steel: 


R  =  0.97  ±0.34  jun 
R  =  3.9  ±0.8  jim 
R  —  1.1  ±0.2  jun 
R  =  7.1  ±0.7  jun. 


Ice  samples 

Two  types  of  ice  were  tested.  The  first  had  a 
granular  structure  and  was  tested  only  with  the  ini¬ 
tial  Inerta  surface.  The  second  ice  was  columnar 
with  a  horizontal  c-axis.  The  ice  structure  charac¬ 
teristics  were  described  by  Gow  (1984)  and  the 
strength  properties  by  Timco  and  Frederking  (in 
prep.).  With  the  columnar  ice,  tests  were  carried 
out  for  the  three  possible  crystal  orientations  •  a- 
tive  to  the  friction  table:  vertical  columnar  crystals 
perpendicular  to  the  table  and  horizontal  crystals 
parallel  and  perpendicular  to  the  direction  of  mo¬ 
tion  of  the  table.  These  orientations  are  depicted 
in  Figure  4  and  denoted  a,  b  and  c,  respectively. 

In  the  tests  with  the  Inerta-coated  steel  plate, 
the  ice  samples  had  approximate  dimensions  of 
0.30x0.30x0.30  m.  These  dimensions  were  re¬ 
duced  to  about  0.20  x  0.20  x  0.20  m  for  the  tests  on 
the  narrower  bare  steel  plates.  The  ice  samples,  cut 
from  a  large  ice  block,  were  first  stored  in  a  cold- 
room  at  -10°C  and  then  at  -2°C  one  day  before 
testing.  They  were  brought  on  deck  near  the  fric¬ 
tion  table  a  few  hours  before  testing  so  that  they 
would  reach  thermal  equilibrium  with  the  atmos¬ 
phere. 
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Figure  4.  Relative  orientations  of  columnar  ice  crystals. 


Table  1.  Summary  of  test  conditions. 


Test  no. 

Type  of 
ice 

No.  of 
ice 

samples 

Added 

normal 

load 

<N) 

Crystal 

orientation 

Test 

surface 

Roughness 

(pm) 

Surface 

condition 

Air 

temp. 

(°C) 

Velocity 

range 

(cm/s) 

Table  of 
results 

201-221 

Granular 

7 

824 

— 

Initial  Inerta- 
coated  plate 

0.97 

Dry 

~  -0.1 

3-20 

A3 

301-320 

Columnar 

1 

824 

a,b 

Initial  Inerta- 
coated  plate 

0.97 

Wet 

-  8 

-  12 

A1 

321-335 

Columnar 

2 

824 

a,b 

Initial  Inerta- 
coated  plate 

0.97 

Wet 

7  to  10 

4-30 

A5 

401-450 

Columnar 

4 

824 

a.b.c 

Initial  Inerta- 
coated  plate 

0.97 

Dry 

-1  to  1.5 

2-30 

A4 

501-563 

Columnar 

4 

824 

a.b.c 

Roughened  Inerta- 
coated  plate 

3.8 

Dry 

-2  to  -1 

3-30 

A6 

564-599 

Columnar 

2 

422 

a.b.c 

Roughened  Inerta- 
coated  plate 

3.8 

Dry 

-  0 

3-30 

A7 

601-610 

Columnar 

1 

804 

a 

Roughened  Inerta- 
coated  plate 

3.8 

Dry 

~  -1 

-  10 

A2 

701-774 

Columnar 

4 

608 

a.b.c 

Bare  steel  plates 

1.1  and  7.1 

Dry 

-  -2.5 

3-30 

A9 

801-836 

Columnar 

2 

608 

a.b.c 

Bare  steel  plates 

1.1  and  7.1 

Wet 

-  0.5 

3-30 

A10 

837-873 

Columnar 

2 

608 

a.b.c 

Roughened  Inerta- 
coated  plate 

3.8 

Wet 

-  0.5 

3-30 

A8 

Test  program 

The  experiments  were  designed  to  study  the  ef¬ 
fects  of  variations  in  the  following  parameters  on 
the  kinetic  friction  coefficient: 

1.  Type  of  ice  (granular  or  columnar) 

2.  Wear  in  the  ice  sample 

3.  Relative  crystal  orientation  (in  the  case  of 
columnar  ice) 

4.  Relative  velocity  between  the  ice  and  the  test 
surface 

5.  Normal  pressure 

6.  Type  and  roughness  of  test  surface  (Inerta- 
coated  steel  at  two  roughnesses  and  bare 
steel  at  two  roughnesses) 

7.  Water  lubrication  (tests  were  first  made  on 
dry  surfaces  and  later  on  the  same  surfaces 
wetted  with  seawater). 


The  ambient  temperature  0,  which  could  not  be 
controlled,  might  also  have  had  an  effect.  How¬ 
ever,  the  majority  of  the  tests  were  conducted  at 
air  temperatures  between  -2°  and  1°C,  so  there 
was  little  melting  of  the  ice.  In  only  one  series  of 
tests,  conducted  at  an  air  temperature  of  8-10°C, 
did  significant  melting  occur;  the  ice  in  this  series 
of  tests  was  considered  to  have  a  wetted  surface. 

The  test  conditions  are  summarized  in  Table  1. 
A  total  of  362  friction  tests  were  made  using  7 
granular  ice  samples  and  22  columnar  ice  samples. 

RESULTS  AND  DISCUSSION 

The  test  results  are  listed  in  Appendix  A,  where 
conditions  specific  to  each  test  are  indicated. 
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Figure  5.  Effect  of  wear  on  friction  coefficient. 


Effect  of  wear  of  ice  sample 

To  determine  how  many  friction  tests  could  be 
safely  made  with  the  same  ice  surface  without  no¬ 
ticeably  changing  the  friction  coefficient,  three 
series  of  ten  successive,  nominally  identical  tests 
were  made.  The  first  two  series  of  wear  tests  (no. 
301-320,  Table  Al)  were  made  with  the  same  col¬ 
umnar  ice  sample  on  wet,  smooth,  Inerta-coated 
steel  with  crystal  orientations  a  and  b.  The  third 
test  series  (no.  601-610,  Table  A2)  was  made  with 
an  ice  sample  (orientation  a)  on  roughened,  Inerta- 
coated  steel  under  dry  conditions. 

The  test  results  are  plotted  in  Figure  5  as  the 
friction  factor  /*»  vs  test  number.  For  smooth, 
Inerta-coated  steel  there  was  no  significant  varia¬ 
tion  in  nk  between  the  first  and  last  tests.  For 
roughened,  Inerta-coated  steel  the  first  test  gave  a 
higher  friction  factor  than  the  following  tests, 
which  all  produced  nearly  identical  values  of  gk. 

On  the  basis  of  these  results  we  decided  that  in 
the  subsequent  test  series,  five  to  six  tests  (cover¬ 
ing  five  different  velocities)  could  be  performed 
with  the  same  ice  sample  and  orientation.  When 
repeating  the  same  nominally  identical  series  of 
five  or  six  tests  with  different  ice  samples,  we  also 
decided  to  randomly  vary  the  velocity  sequence, 
and  for  roughened  surfaces  the  last  test  in  the  ser¬ 
ies  was  usually  made  at  nearly  the  same  velocity  as 
the  first. 

Effect  of  normal  pressure 

Most  laboratory  and  field  data  on  ice  friction 
coefficients  published  in  the  open  literature  have 
indicated  no  detectable  influence  of  normal  pres¬ 
sure  on  gk.  One  series  of  tests  was  nevertheless 
made  to  verify  these  observations.  A  series  of  tests 
on  roughened,  Inerta-coated  steel  (no.  501-563, 
Table  A6),  made  with  the  usual  normal  load  corre¬ 
sponding  to  a  normal  pressure  of  14-18  kPa,  was 
followed  immediately  by  a  second  series  of  tests 
(tests  no.  564-599,  Table  A7),  conducted  under 
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Figure  6.  Effect  of  normal  pressure  on  gk  (columnar 
ice  on  dry,  roughened,  Inerta-coated  plate). 

identical  conditions  except  that  the  added  normal 
load  was  halved,  yielding  a  normal  pressure  of  7- 
10  kPa.  The  results  (Fig.  6)  show  no  detectable  ef¬ 
fect  of  normal  pressure  on  gk. 

Effect  of  velocity,  crystal  orientation 
and  surface  conditions 

Figures  7-14  present  the  results  of  each  series  of 
tests  for  the  conditions  of  ice  type,  surface  type 
and  roughness  and  surface  condition.  There  is  no 
apparent  effect  of  ice  type  (Fig.  7)  and  no  ap¬ 
parent  effect  of  the  orientation  of  the  ice  crystals 
with  respect  to  the  test  surface.  For  the  smooth, 
Inerta-coated  surface,  the  friction  coefficient  gk  is 
independent  of  the  velocity  V,  but  for  the  rough¬ 
ened,  Inerta-coated  surface  and  both  bare  steel 
surfaces,  gk  is  an  initially  rapidly  decreasing  func¬ 
tion  of  V  and  tends  toward  a  constant  value  at 
higher  speeds. 

The  scatter  in  the  data  points  increases  with  in¬ 
creasing  roughness  (for  example,  compare  Figure 
7  with  Figure  9  for  dry,  Inerta-coated  steel  and 
Figure  11  with  Figure  13  for  the  dry  steel  plates). 
The  scatter  is  also  greater  when  the  test  surface  is 
wetted  rather  than  dry,  especially  for  the  bare  steel 
plates  (shown  by  comparison  of  Figure  1 1  with 
Figure  12  for  the  roughened  plate  and  Figure  13 
with  Figure  14  for  the  sandblasted  steel  plate).  On 
the  sandblasted  steel  the  ice  sample  sometimes  ex¬ 
perienced  a  severe  jerking  motion,  particularly 
when  the  surface  was  wet.  Once  started,  the  mo¬ 
tion  could  not  be  controlled  by  temporarily  hold¬ 
ing  the  sample.  This  jerky  motion  never  occurred 
with  the  Inerta-coated  plate,  and  only  occasionally 
on  the  roughened  steel  plate,  where  it  usually 
could  be  quickly  stopped  by  holding  and  immedi- 
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Figure  7.  Effect  of  ice  type  and  crystal  orientation 
(dry,  smooth,  Inerta-coated  plate).  Flagged  symbols  in¬ 
dicate  the  first  test  in  a  series. 


Figure  8.  Test  results  with  columnar  ice  on  wetted, 
smooth,  Inerta-coated  plate  ( tests  321-335).  Flagged 
symbols  indicate  the  first  test  in  a  series. 


Figure  9.  Test  results  with  columnar  ice  on  dry,  rough¬ 
ened,  Inerta-coated  plate  (tests  501-563).  Flagged  sym¬ 
bols  indicate  the  first  test  in  a  series. 


Figure  10.  Test  results  with  columnar  ice  on  wetted, 
roughened,  Inerta-coated  plate  (tests  837-873).  Flagged 
symbols  indicate  the  first  test  in  a  series. 


ately  releasing  the  ice  sample.  Furthermore,  the 
Inerta-coated  plate,  roughened  or  smooth,  and  the 
roughened  steel  plate  were  non-wetting;  the  sand¬ 
blasted  steel  plate  was  wetting,  resulting  in  strong 
adhesion  of  the  ice  sample  to  the  plate,  which  is  at¬ 
tributed  to  capillary  forces. 


Since  no  effect  of  ice  crystal  orientation  was  no¬ 
ticeable,  all  the  data  for  a  given  test  surface  were 
grouped  in  five  subranges  of  velocity.  The  sub¬ 
ranges  were  V  <  5  cm/s,  5  <  V  <  12  cm/s,  12  < 
V  <  20  cm/s,  20  <  V  <  25  cm/s,  and  V  <  25  cm/ 
s.  The  average,  jZT,  and  standard  deviation,  <r„,  of 


Table  2.  Averages  of  test  results  (columnar  ice  only). 


Velocity  range  (cm/s) 


<  5 

5-12 

12-20 

20-25 

>  25 

Smooth  1  Berta  (0.97  pm) 

Dry  V  3.0 

9.5 

16.1 

22.2 

28.7 

P* 

0.029 

0.029 

0.028 

0.027 

0.027 

0 'p 

0.003 

0.003 

0.004 

0.003 

0.002 

Wet 

V 

2.9 

9.4 

15.7 

— 

26.7 

0.035 

0.034 

0.035 

— 

0.035 

"a 

0.002 

0.004 

0.003 

— 

0.002 

Roagbened  I Berta  (3.0  /in) 

Dry  V  3.8  8.4 

16.4 

21.8 

28.5 

0.097 

0.073 

0.0S6 

0.051 

0.049 

0.014 

0.014 

0.006 

0.006 

0.006 

Wet 

V 

4.5 

10.4 

17.3 

22.6 

30.2 

0.077 

0.062 

0.054 

0.049 

0.048 

0.007 

0.004 

0.003 

0.002 

0.004 

Roaghcaed  bare  fled  (1.1  pm) 
Dry  V  4.1  8.9 

16.5 

21.9 

29.7 

p* 

0.090 

0.058 

0.048 

0.047 

0.047 

0.022 

0.011 

0.008 

0.009 

0.008 

Wet 

V 

4.1 

8.4 

16.5 

23.2 

30.5 

ST 

0.134 

0.083 

0.065 

0.068 

0.057 

0.032 

0.025 

0.011 

0.003 

0.014 

Sa  ad  blasted  steel  (7.1  pm) 

Dry  V  4.1  8.9 

16.5 

21.9 

29.7 

p* 

0.094 

0.082 

0.073 

0.070 

0.079 

0.021 

0.017 

0.015 

0.016 

0.016 

Wet 

V 

4.1 

8.4 

16.5 

23.2 

30.5 

0.248 

0.214 

0.211 

0.212 

0.205 

_£t_ 

0.033 

0.021 

0.043 

0.032 

0.032 

the  test  results  in  each  velocity  subrange  and  for 
each  test  surface  are  presented  in  Table  2  and  Fig¬ 
ures  15-17. 

These  figures  show  that  the  Inerta-coated  steel 
plate  has  a  significantly  lower  friction  coefficient 
than  the  bare  steel  plate  of  similar  roughness  aver¬ 
age.  Also,  the  friction  coefficient  of  Inerta-coated 
steel  is  relatively  unaffected  by  whether  the  sur¬ 
face  is  dry  or  wet,  while  that  of  the  bare  steel  is 
much  higher  when  wet  than  when  dry,  especially 
for  the  sandblasted  steel  plate.  These  results  indi¬ 
cate  that  not  only  the  magnitude  but  also  the 
morphology  of  the  roughness  of  a  surface,  as  well 
as  its  surface  tension  characteristics  when  wet, 
greatly  affect  its  friction  coefficient  with  ice. 


10  20  30 

V  (cm/*) 


Figure  15.  Effect  of  roughness  and  surface  type  with 
columnar  ice  on  dry  surfaces. 
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Figure  16.  Effect  of  roughness  and  surface  type  with 
columnar  ice  on  wetted  surfaces. 
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Figure  17.  Effect  of  roughness  and  surface  conditions  on  the 
friction  coefficient. 


Results  summary 

The  main  results  of  this  limited  study  can  be 
summarized  as  follows: 

1.  The  kinetic  friction  coefficient  of  columnar 
sea  ice  is  independent  of  the  ice  crystal  orientation 
with  respect  to  the  test  surface. 

2.  It  is  independent  of  normal  pressure. 

3.  In  general  the  friction  coefficient  initially  de¬ 
creases  with  increasing  relative  velocity  and  reach¬ 
es  a  steady  value  at  higher  speeds.  The  initial  rate 
of  decrease  appears  to  depend  upon  test  surface 
characteristics  such  as  roughness  and  surface  ten¬ 
sion. 

4.  The  friction  coefficient  increases  with  in¬ 
creasing  surface  roughness  but  also  depends 
strongly  on  the  roughness  morphology  and  the  sur¬ 
face  tension  properties  of  the  test  surface.  A 
water-repellent  surface,  such  as  Inerta-coated  steel, 
has  a  significantly  lower  friction  coefficient  than  a 
wetting  surface  of  the  same  or  even  a  higher 
roughness  average. 


COMPARISON  WITH  LABORATORY  STUDY 


The  laboratory  study  of  the  kinetic  friction  co¬ 
efficient  of  ice  mentioned  in  the  Introduction 
(Forland  and  Tatinclaux  1984,  1983)  had  included 
the  two  steel  plates  used  in  the  field  tests,  as  well  as 
Inerta-coated  steel  with  a  roughness  of  1.0  pm, 
among  the  material  surfaces  tested.  The  majority 
of  the  laboratory  tests  had  been  made  at  a  velocity 
of  about  10  cm/s  and  with  a  normal  pressure  of 
about  10  kPa.  The  ice  samples  used  in  the  labora¬ 
tory  study  were  cut  from  urea-doped  model  ice 
sheets  grown  in  the  CRREL  ice  towing  tank  and 
were  used  immediately  without  being  stored  prior 
to  the  tests.  Some  brine  drainage  always  occurred 
during  the  laboratory  tests,  and  the  material  sur¬ 
face  was  wet  at  the  end  of  each  test. 

The  values  of  p»  obtained  in  the  laboratory  and 
field  tests  for  similar  material  surfaces  and  under 
similar  test  conditions  for  V  and  P  are  presented  in 
Table  3.  The  laboratory  results  and  the  field  re- 


Table  3.  Laboratory  and  field  results  for  similar  material 
surfaces  (V  a  10  cm/s). 


Field  results 


Material  surface 


Laboratory 
results  Dry  surface  Wet  surface 


Inert*  160  R  •  1  *m 
Steel  R  -  1.1  pm 

Steel  It  -  7.1  *m 


0.029 

0.192 

0.197 


0.029 

0.05S 

0.0S2 


0.034 

0.063 

0.214 


r* 


suits  for  wetted  surfaces  are  in  quite  good  agree¬ 
ment. 


RECOMMENDATIONS  ON 
TEST  APPARATUS 

The  test  table  was  built  by  HSVA  and  had  not 
been  tested  prior  to  the  tests  aboard  the  Polar- 
stern.  It  was  found  to  be  quite  adequate  for  re¬ 
search  on  ice  friction,  but  some  improvements  can 
be  suggested: 

1 .  The  driving  motor  should  be  geared  down  so 
that  the  maximum  linear  speed  of  the  test  table 
can  be  limited  to  about  30  cm/s. 

2.  The  precision  of  the  motor  speed  control 
should  be  increased  to  allow  easier  repetition  of  a 
given  speed. 

3.  Possible  lateral  motion  and  surge  motion  of 
the  ice  sample  could  be  prevented  by  restraining 
the  ice  sample  either  by  a  spring  or  a  dead  weight 
and  pulley  system.  This  would  also  allow  the  test 
table  to  be  operated  in  both  directions  to  account 
for  any  slight  error  when  leveling  the  table. 

4.  A  built-in  velocity  measurement  system  could 


be  added  to  the  test  table. 

3.  Bubble  levels  could  be  added  to  the  table  for 
checking  the  table  level. 
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APPENDIX  A:  TEST  RESULTS 


Table  Al:  Effect  of  wear  on  ice  kinetic  friction  factor  using 
columnar  ice  on  a  wet,  smooth,  Inerta-coated  plate:  R  ■  0.97  pm; 
0  -  8°C. 


•  c  no. 

V 

(ca/s) 

^  as 

54 

T 

00 

“It 

Test  conditions 

301 

6.7 

917 

33.5 

0.0365 

302 

10.7 

917 

34.0 

0.0371 

303 

11.6 

917 

34.4 

0.0375 

304 

11.8 

917 

33.4 

0.0364 

305 

12.6 

917 

31.8 

0.0347 

Crystal 

306 

11.7 

917 

31.6 

0.0345 

orientation  a 

307 

12.5 

917 

32.5 

0.0354 

308 

11.6 

917 

31.8 

0.0347 

309 

13.3 

917 

31.4 

0.0342 

310 

11.6 

917 

31.4 

0.0342 

Table  A2:  Effect  of  wear  on  ice  kinetic  friction  factor  using 
columnar  ice  on  dry,  roughened,  Inerta-coated  plate:  R  =  3.8  pm; 
0  =  -1°C. 


Test  No. 

V 

(cm/s ) 

N+W 

00 

T 

(N) 

Test  conditions 

601 

11.9 

1050 

68.7 

0.065 

602 

10.5 

1050 

59.8 

0.057 

603 

10.9 

1050 

59.8 

0.057 

604 

9.7 

1050 

59.8 

0.057 

605 

9.6 

1050 

60.8 

0.058 

606 

10.4 

1050 

57.9 

0.055 

Crystal  orientation  a 

607 

9.7 

1050 

57.9 

0.055 

P  -  10.9  kPa 

608 

9.5 

1050 

59.8 

0.057 

609 

10.4 

1050 

57.9 

0.055 

610 

10.5 

1050 

56.9 

0.054 

Table  A3.  Friction  test  results  for  granular  ice  on  dry, 
initial,  Inerta-coated  plate:  R  *  0.97  pm;  0  -  0.1°C. 


(cm/s) 


Normal  pressure 
(kPa) 


Table  A5.  Friction  test  results  for  columnar  ice  on  wetted 
initial,  Inerta-coated  plate:  R  -  0.97  pm;  8  ■  7  to  10°C. 


Test  no. 

V 

(c*/s ) 

N+W 

00 

T 

OO 

“k 

Test  conditions 

321 

4.1 

917 

33.7 

0.037 

Crystal  orientation  a 

322 

24.8 

917 

33.6 

0.037 

P  -  11.1  kPa 

323 

26.8 

917 

33.3 

0.036 

324 

0.84 

917 

32.1 

0.035 

325 

17.7 

917 

34.2 

0.037 

326 

28.0 

907.4 

29.6 

0.0326 

Crystal  orientation  b 

327 

3.9 

907.4 

30.3 

0.0334 

P  -  16.2  kPa 

328 

14.9 

907.4 

30.1 

0.0331 

329 

25.1 

907.4 

28.5 

0.0314 

331 

18.1 

918 

35.5 

0.0387 

Crystal  orientation  a 

332 

28.6 

918 

32.8 

0.0357 

333 

2.6 

918 

32.6 

0.0355 

334 

8.8 

918 

30.9 

0.0337 

335 

12.2 

918 

29.4 

0.0320 

Table  A6 . 

Friction 

test 

results 

for  columnar  ice  on  a  dry. 

roughened. 

Inerta-coated 

plate:  R  -  3.9  pm; 

0  -  -1°C. 

V 

N+W 

T 

Test  no. 

(cn/s) 

OO 

OO 

“k 

Test  conditions 

501 

28.1 

986 

58.7 

0.060 

Crystal  orientation  a 

502 

3.4 

986 

109.9 

0.112 

P  -  13.6  kPa 

503 

21.3 

986 

42.1 

0.043 

504 

9.0 

986 

60.5 

0.061 

505 

16.5 

986 

48.9 

0.050 

506 

28.8 

986 

76.0 

0.077 

Crystal  orientation  b 

507 

3.3 

986 

111.8 

0.113 

P  -  15.2  kPa 

508 

21.9 

986 

51.6 

0.052 

509 

9.0 

986 

67.3 

0.068 

510 

16.0 

986 

50.3 

0.051 

511 

3.0 

986 

114.5 

0.116 

Crystal  orientation  c 

512 

28.1 

986 

48.7 

0.049 

P  -  12.6  kPa 

513 

16.9 

986 

54.4 

0.055 

514 

8.9 

986 

69.4 

0.070 

515 

22.3 

986 

46.3 

0.047 

516 

4.1 

961.4 

120.1 

0.125 

Crystal  orientation  b 

517 

29.0 

961.4 

47.1 

0.049 

P  -  13.7  kPa 

518 

10.8 

961.4 

60.8 

0.063 

519 

22.0 

961.4 

44.9 

0.047 

520 

16.5 

961.4 

49.5 

0.051 

521 

2.6 

961.4 

116.4 

0.121 

Crystal  orientation  a 

522 

28.4 

961.4 

39.2 

0.041 

P  -  14.8  kPa 

523 

15.5 

961.4 

48.5 

0.050 

524 

22.1 

961.4 

44.7 

0.047 

525 

8.6 

961.4 

63.4 

0.066 

14 


Table  A6  (cont'd) 


Test  no* 


V 

(ca/s) 


961.4 

961.4 

961.4 

961.4 

961.4 

956.5 

956.5 

956.5 

956.5 

956.5 


956.5 

956.5 

956.5 

956.5 

956.5 


956.5 

956.5 

956.5 


951.6 

951.6 

951.6 

951.6 

951.6 

951.6 


951.6 

951.6 

951.6 

951.6 

951.6 

951.6 


951.6 

951.6 

951.6 

951.6 

951.6 

951.6 


52.2 

119.3 
44.7 

111.8 

52.2 

63.4 

104.4 
52.2 
67,1 
44.7 


101.0 

52.0 

74.6 

59.8 

52.0 

82.4 


0.054 

0.124 

0.047 

0.116 

0.054 

0.066 

0.109 

0.055 

0.070 

0.047 


0.125 

0.039 

0.062 

0.051 

0.047 


0.062 

0.090 

0.045 


0.106 

0.055 

0.078 

0.063 

0.055 

0.087 


0.054 

0.100 

0.069 

0.063 

0.080 

0.055 


0.094 

0.055 

0.084 

0.066 

0.057 

0.087 


Test  conditions 


Crystal  orientation  c 
P  -  13.7  kPa 


Crystal  orientation  b 
P  -  14.2  kPa 


Crystal  orientation  c 
P  -  14.8  kPa 


Crystal  orientation  a 
P  -  15.9  kPa 


Crystal  orientation  a 
P  -  15.9  kPa 


Crystal  orientation  c 
P  -  18.0  kPa 


Crystal  orientation  b 
P  -  16.5  kPa 


Table  A7.  Friction  test  results  for  columnar  ice  on  a  dry 
roughened,  Inerta-coated  plate:  R  -  3.9  ym;  0  *  0°C. 


V 

N+W 

T 

Test  no. 

(ca/s) 

(N) 

00 

Test  conditions 

564 

3.0 

564 

56.9 

0.101 

Crystal  orientation  a 

565 

29.2 

564 

— 

— 

P  -  9.78  kPa 

566 

17.0 

564 

34.3 

0.061 

567 

6.8 

564 

42.2 

0.075 

568 

21.0 

564 

— 

— 

569 

29.1 

564 

26.5 

0.047 

570 

4.9 

564 

52.0 

0.092 

Crystal  orientation  b 

571 

28.5 

564 

32.4 

0.057 

P  -  8.06  kPa 

572 

6.8 

564 

45.1 

0.080 

573 

21.8 

564 

33.4 

0.059 

574 

16.0 

564 

35.3 

0.063 

575 

3.3 

564 

48.1 

0.085 

576 

29.1 

564 

41.2 

0.073 

Crystal  orientation  c 

577 

4.8 

564 

51.0 

0.090 

P  -  8.39  kPa 

578 

17.4 

564 

32.4 

0.057 

579 

22.0 

564 

31.4 

0.056 

580 

7.4 

564 

41.2 

0.073 

581 

28.0 

564 

26.5 

0.047 

582 

28.2 

589 

38.3 

0.065 

Crystal  orientation  b 

583 

4.1 

589 

51.0 

0.087 

P  -  7.25  kPa 

584 

21.0 

589 

33.4 

0.057 

585 

8.7 

589 

42.2 

0.072 

586 

16.8 

589 

34.3 

0.059 

587 

27.8 

589 

29.4 

0.050 

588 

3.9 

589 

66.7 

0.113 

Crystal  orientation  c 

589 

29.6 

589 

27.5 

0.047 

P  -  8.41  kPa 

590 

16.5 

589 

30.4 

0.052 

591 

10.8 

589 

33.4 

0.057 

592 

21.2 

589 

26.5 

0.045 

593 

4.2 

589 

48.1 

0.082 

E 


26.5 

52.0 


0.045  Crystal  orientation  a 

0.088  P  -  8.41  kPa 


Table  A8. 
Toughened 

Test  no. 


837 

838 

839 

840 

841 

842 

843 

844 

845 

846 

847 

848 

849 

850 

851 

852 

853 

854 

855 

856 

857 

858 

859 

860 

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

871 

872 

873 


Friction 

test 

results 

for  columnar  ice  on  wetted. 

Inerta-coated 

plate:  R 

-  3.9 

um;  6=0. 5°C. 

V 

N+W 

T 

(cm/s ) 

(N) 

(N) 

”k 

Test  conditions 

5.3 

692 

58.9 

0.085 

Crystal  orientation  a 

30.1 

692 

37.3 

0.054 

P  -  15.0  IcPa 

17.2 

692 

41.2 

0.059 

11.3 

692 

46.1 

0.066 

22.3 

692 

34.3 

0.050 

4.1 

692 

53.0 

0.077 

29.5 

692 

52.0 

0.075 

Crystal  orientation  b 

4.1 

692 

55.9 

0.081 

P  -  15.7  kPa 

11.3 

692 

44.1 

0.064 

23.3 

692 

35.3 

0.051 

18.1 

692 

37.3 

0.054 

30.9 

692 

33.4 

0.048 

29.9 

692 

29.4 

0.043 

Crystal  orientation  c 

4.6 

692 

52.0 

0.075 

P  -  15.7  VtPa 

18.0 

692 

35.3 

0.051 

22.7 

692 

32.4 

0.047 

10.6 

692 

38.3 

0.055 

29.1 

692 

29.4 

0.043 

5.4 

697 

55.9 

0.080 

Crystal  orientation  c 

31.1 

697 

35.3 

0.051 

P  -  15.1  kPa 

22.5 

697 

35.3 

0.051 

11.5 

697 

43.2 

0.062 

17.2 

697 

35.3 

0.051 

4.8 

697 

53.0 

0.076 

30.0 

697 

26.5 

0.038 

Crystal  orientation  a 

4.2 

697 

61.8 

0.089 

P  -  15.4  kPa 

22.7 

697 

34.3 

0.049 

7.0 

697 

'*7.1 

0.068 

16.8 

697 

35.3 

0.051 

30.7 

697 

31.4 

0.045 

4.2 

697 

60.8 

0.087 

Crystal  orientation  b 

29.0 

697 

32.4 

0.046 

P  -  16.2  kPa 

16.7 

697 

38.3 

0.055 

10.6 

697 

41.2 

0.059 

10.6 

697 

41.2 

0.059 

22.3 

697 

32.4 

0.046 

5.4 

697 

47.1 

0.068 
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Table  A9  (cont'd) 


R  -  7. 

1  um 

R  ”  1.1  ym 

I 

V 

N+W 

T 

T 

Test  no. 

(cm/s ) 

(N) 

00 

‘‘k 

(N)  Ufc 

Test  conditions 

750 

4.7 

684 

77.5 

0.113 

55.1  0.081 

Crystal  orientation  a 

751 

29.4 

684 

62.6 

0.091 

41.8  0.061 

P  -  15.5  kPa 

752 

17.1 

684 

43.3 

0.063 

41.8  0.061 

753 

8.6 

684 

44.7 

0.065 

47.7  0.070 

754 

21.9 

684 

41.8 

0.061 

38.7  0.057 

755 

4.2 

684 

40.2 

0.059 

43.3  0.063 

756 

4.0 

692 

62.6 

0.091 

53.7  0.078 

Crystal  orientation  c 

757 

30.9 

692 

59.7 

0.086 

37.3  0.054 

P  -  15.7  kPa 

758 

10.8 

692 

50.7 

0.073 

44.6  0.065 

759 

22.3 

692 

40.2 

0.058 

35.8  0.052 

760 

16.4 

692 

53.7 

0.078 

37.3  0.054 

761 

4.2 

692 

56.7 

0.082 

44.7  0.065 

762 

30.9 

692 

47.7 

0.069 

38.7  0.056 

Crystal  orientation  a 

763 

4.1 

692 

65.6 

0.095 

53.7  0.078 

P  -  15.3  kPa 

764 

17.1 

692 

41.8 

0.060 

24.6  0.036 

765 

22.4 

692 

41.8 

0.060 

21.4  0.031 

766 

10.0 

692 

47.7 

0.069 

—  — 

767 

30.6 

692 

56.7 

0.082 

28.4  0.041 

768 

32.8 

495 

50.7 

0.102 

35.8  0.072 

Crystal  orientation  b 

769 

30.8 

692 

62.6 

0.090 

34.3  0.050 

P  -  15.3  kPa 

770 

4.0 

692 

68.6 

0.099 

— 

771 

20.2 

692 

56.7 

0.082 

28.4  0.041 

772 

16.5 

692 

44.7 

0.065 

29.8  0.043 

773 

8.7 

692 

47.7 

0.069 

41.8  0.060 

774 

31.4 

692 

50.7 

0.073 

35.8  0.052 

Table  A10 

.  Friction  test 

results 

for  columnar  ice  on  wetted,  bare  steel 

plates:  9 

»  -0. 5°C. 

R  -  7. 

1  um 

R  “  1.1  um 

V 

N+W 

T 

T 

Test  no. 

(cm/s ) 

00 

(N) 

^k 

(N)  uk 

Test  conditions 

801 

3.6 

692 

210.9 

0.305 

104.0  0.150 

Crystal  orientation  a 

802 

31.3 

692 

177.6 

0.257 

23.5  0.034 

P  -  16.3  kPa 

803 

15.0 

692 

170.7 

0.247 

10.8  0.016 

804 

24.2 

692 

162.8 

0.235 

2.0  0.003 

805 

9.5 

692 

166.8 

0.241 

37.3  0.054 

806 

6.7 

692 

185.4 

0.268 

44.1  0.064 

807 

30.2 

692 

177.6 

0.257 

58.9  0.085 

Crystal  orientation  b 

808 

4.0 

692 

204.0 

0.295 

125.6  0.182 

P  -  16.1  kPa 

809 

22.3 

692 

129.5 

0.187 

49.1  0.071 

810 

8.9 

692 

122.6 

0.177 

53.0  0.077 

811 

16.9 

692 

118.7 

0.172 

37.3  0.054 

812 

29.3 

692 

118.7 

0.172 

35.3  0.051 

19 

v-v* v  vp^ -<**  .**  *'• 

Table  A10  (cont'd).  Friction  test  results  for  columnar  ice  on  wetted,  bare 
steel  plates:  0  *  -0.5°C. 


A  facsimile  catalog  card  in  Library  of  Congress  MARC 
format  is  reproduced  below. 
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